glutathione peroxidase system; superoxide dismutase; nonprotein sulfhydryls; glutathione; hyperoxia; oxygen tolerance IT HAS BEEN LONG RECOGNIZED that 0,tensions above ambient can produce deleterious effects on lung tissue. Exposure to 100% 0, at 1 atm of pressure is lethal to most mammalian species after a period of days to weeks (6). While th e potential dangers of hyperoxia on the lung are generally recognized, administration of aboveambient 0, tensions remains% a necessity in the treatment of severe hypoxemia caused by respiratory failure and/or acute lung injury.
Although the basic mechanism of 0, toxicity remains unresolved, an increased production of active free radicals and peroxides has been implicated (9, 13, 37). Superoxide anion (02--l ), a highly reactive free radical formed by the one-electron reduction of 02, may be particularly important in the genesis of 02-induced cell damage (27) . OZ--l is produced by a wide variety of enzymatic and nonenzymatic oxidations and by such divergent biological phenomena as granulocyte phagocytosis (43) and mitochondrial respiratory chain activity (24). The rate of production of OZ--*for many biological reactions has been shown to be directly proportional to 0, tensions (27) . Although the precise role of O,--l in the cytotoxicity of hyperoxia is yet to be fully elucidated, OZ--can react with hydrogen peroxide to produce the peroxy free radical (HO0 l ), one the most reactive free radicals known. Free-radical-initiated peroxidation of unsaturated lipids may destroy essential cellular components and form lipid peroxides which are themselves cytotoxic (8, 38) .
Aerobic biological systems possess a number of potential protective antioxidant cellular defense mechanisms. Two of these systems involve mechanisms for detoxifying 0,--e and the lipid peroxides.
Superoxide dismutase (SOD), an enzyme found in all O,-metabolizing organisms, catalyzes the dismutation of OZ--* to less toxic products. In microorganisms, SOD activity has been correlated with their capacity to tolerate 0, (10). Recently, exposure of rats to sublethal 0, concentrations (85% 02, 1 atm) has been shown to cause a significant increase in lung cytosolic SOD activities (7) Glutathione (GSH) peroxidase (glutathione:hydrogen-peroxide oxidoreductase, EC 1.11.1.9), a ubiquitous intracellular enzyme that utilizes lipid peroxide substrates (22), is relatively active in lung tissue (4, 5). GSH peroxidase reduces toxic lipid peroxides to the corresponding less toxic hydroxy fatty acids, utilizing GSH as a cofactor. GSH reductase (NAD(P)H: oxidizedglutathione oxidoreductase, EC 1.6.4.2) and NADPHgenerating enzyme reactions such as those catalyzed by glucose-6-phosphate dehydrogenase (GGPD), (n-glucose-6-phosphate:NADP+ 1-oxidoreductase, EC 1.1.1.49)) malate dehydrogenase (L-malate:NADP+ oxidoreductase, EC 1.1.1.40)) isocitrate dehydrogenase ( threo-D,-isocitrate:NADP+ oxidoreductase, EC 1.1.1.42)) and 6-phosphogluconate dehydrogenase (6-phospho-n-gluconate:NAD(P)+ 2-oxidoreductase, EC 1.1.1.43) are important in this detoxification reaction. The reaction of GSH peroxidase in reducing lipid peroxides oxidizes GSH (38), and that of GSH reductase, in turn, replenishes GSH by reducing oxidized GSH at the expense of NADPH.
NADPH-generating pathways are thus required to provide reducing equivalents to GSH reductase.
The enzymes SOD and GSH peroxidase thus may KIMBALL ET AL.
serve an important function in modulating oxidantinduced lung damage. The purpose of the present study was to systematically investigate the potential interrelationships among these two enzyme systems in rats exposed to hyperoxia.
METHODS
Sprague-Dawley rats, free of chronic respiratory disease, 70 days old, male, and weighing 325-375 g were obtained from Hilltop Lab Animals, Inc.
Exposure. The exposures were conducted in two aluminum chambers (22 ft3 each) with glass doors. Liquid oxygen, medical grade, was filtered by an MSA liquidoxygen filter' to remove hydrocarbon contamination and mixed with CBR-filtered2 room air. The mixing quantities were approximated by the equation: Qo, = Q -LQ (1 -%O, x 10--2)/0.79], where Qo, is oxygen flow and Q is overall flow. The gas mixtures were humidified to 7580% relative humidity at 70 t 2OF. Oxygen tensions were continuously monitored by a Beckman OM-10 oxygen analyzer and recorder.
Rats in one chamber were continuously exposed to high oxygen tensions, while control rats received filtered room air at the same flow. Flows sufficient to provide five or six volume changes per hour were used. When a chamber contained the maximum of 24 rats carbon dioxide concentration was less than 0.6% (4.6 mmHg). Animals were fed Purina laboratory chow and given water ad libitum. Waste was removed from the chambers daily. sulfhydryls (NPSH) and GSH. Ellman's reagent was used to determine NPSH content by the method of Sedlack and Lindsay (35). Reduced GSH was determined enzymatically using glyoxilase I according to the procedure of Klotsch and Bergmeyer (20) . The remaining homogenate was then centrifuged at 700 x g for 10 min. The pellet was discarded and the supernatant was centrifuged at 9,000 x g for 10 min to sediment a crude mitochondrial fraction. The pellet was resuspended in fresh medium and the supernatant was diluted 1:l with cold distilled water and centrifuged at 39,000 x g for 20 min. SOD was assayed in frozen-thawed mitochondria and in the 39,000 x g supernatant (cytosol) fractions. The SOD activity was assayed by determination of the inhibition of cytochrome c reduction by O,--l , the OZ--l being supplied by the xanthine-xanthine oxidase reaction (28). GSH peroxidase activity of the cytosolic fractions was determined by coupling peroxide reduction to NADPH oxidation through GSH reductase (21). The reaction mixture contained 0.25 mM GSH, 0.12 mM NADPH, 0.2 mM cumene peroxide, and 0.61 U/ml GSH reductase. Cytosolic reductase activity was determined by following NADPH disappearance (14). We assessed lung capabilities for NADPH generation by determining cytosolic G6PD3 activity (23) . The significance of the differences in biochemical parameters between control and experimental animals were assessed by using the Student t test.
Rats were exposed to 90% 0, at 1 atm and six 0,. exposed and six control animals were sacrificed after 1, 3, 5, and 7 days. In a second experiment rats were exposed to 85% 0, at 1 atm and were sacrificed after 2,5, 8, 11, and 14 days. No deaths occurred during either exposure. Animals were weighed at the end of each exposure period.
Tissue preparation. Animals were anesthetized with sodium pentobarbital (150 mg/kg) and sacrificed by thoracotomy and exsanguination. The lungs were perfused in situ with cold isotonic saline via the pulmonary artery to remove as much intravascular blood as possible. Excised lungs were trimmed of extraparenchymal tracheobronchial and vascular tissue, minced, and homog-. enized in approximately 10 volumes of ice-cold buffer medium (containing 0.15 M sucrose, 0.15 M mannitol, 5 mM Tris, and 1 mM EDTA; pH 7.5) with three strokes of a Potter-Elvehjem Teflon pestle. The whole-lung homogenate was filtered through two layers of cheesecloth, and the filtrate was adjusted to a final volume of 15 ml with ice-cold buffer medium.
Tissue preparation for morphologic evaluation. Ten animals exposed to 85% 0, at 1 atm were used for light microscopic evaluation of lung morphology. Two animals from each exposure period (2, 5, 11, and 14 days) were sacrificed as described above. The thoracic viscera were removed, the trachea was cannulated, and Karnovsky's (17) fixative was instilled via the airway at a perfusion pressure of 30 cm of water. Following a short period of storage in the same fixative at room temperature, the right diaphragmatic lobes were sectioned. Selected areas were embedded in paraffin and routinely processed and stained with hematoxylin and eosin. Tissues for scanning electron microscopy were selected from similar areas, dehydrated in a graded series of alcohol, critical-point dried, coated with silver and gold palladium, and examined on an ETEC Autoscan.
RESULTS
BiochemicaZ anaZysis. An aliquot of the filtered homogenate was used for determination of nonprotein
Glutathione peroxidase system. The responses of the GSH peroxidase system to 90% and 85% 0, are presented in Fig. 1 . After exposure to 90% 0, for 3 days, GSH peroxidase, GSH reductase, and GGPD activities were significantly elevated (P < 0.05) and remained elevated throughout the duration of the exposure. zyme activities increased to 317,174, and 413% of control (P c 0.001) after seven days of exposure. GSH peroxidase and GGPD activities rose after 5 days of exposure to 85% 0, (P c 0.01). The increases were 222 and 290% of control (P c 0.001) after 14 days of exposure. The elevation of GSH reductase activity was marginally significant from days 5 to 11. After 14 days of exposure, GSH reductase was 122% of control (P < 0.05).
Multiple variable correlation coefficients (R) among GSH peroxidase, GSH reductase, and GGPD were performed using all the enzyme values from individual animal lungs. In the 90% 0, exposure, R was 0.458 (P < 0.02) for control animals and 0.864 (P < 0.001) for 0,. exposed animals. In the 85% 0, exposure, R was 0.207 (not significant) for control animals and 0.631 (P c 0.001) for 0,.exposed animals. The increased R values under conditions of 0, exposure suggests a concerted action of these enzymes to reduce toxic lipid peroxides.
Reduced glutathione and total nonprotein sulfhydryls. As shown in Fig. 2 , GSH and total NPSH levels in lung tissue were determined after exposure to 90% and 85% 0, for up to 14 days. GSH and NPSH levels were significantly elevated after 1 day of exposure to 90% 0, (P < 0.05 and c 0.01, respectively). These levels continued to increase to 195 and 364% of controls after 7 days of exposure (P c 0.001). Significant elevation of GSH and NPSH levels was found after 5 days of exposure to 85% 0, (P c 0.01 and < 0.02, respectively). After 14 days of exposure GSH increased 214% (P c 0.001) and NPSH increased 255% (P < 0.001) of controls.
Superoxide dismutase. SOD activity was determined in frozen-thawed mitochondrial and cytosolic fractions (Fig. 3) . The SOD activity of both fractions was elevated after 5 days of exposure to 90% 0, (P < 0.001 for mitochondria and 0.01 for cytosol). After 7 days of exposure mitochondrial SOD activity was 245% of control (P < 0.001) and cytosolic SOD activity was 143% of control (P < 0.001).
Changes in body weight. The body weights of control and 0,.exposed rats are compared in Fig. 4 . 0,.exposed animals lost 21% and 17% of their body weights by the end of exposure to 90% 0, and 85% 02, respectively. Control rats gained body weight during both experiments.
Intake of food in O,-exposed animals was relatively low compared to controls. To evaluate the effects of starvation on body weight and biochemical parameters we deprived eight rats of food for 8 days and compared them to eight matched controls. The starved animals lost 32% of their body weight. The enzyme activities in lung tissue decreased: GSH peroxidase activity was 81% (P < O.Ol), GSH reductase was 65% (P < O.OOl), and GGPD was 48% (P < 0.001) of control values. Total NPSH was 45% (P < 0.001) of control. It is apparent that a "starvation effect" does not seem to account for the increased thiol levels and enzyme activities noted in our O,-exposed animals.
Morphologic evaluations. Morphologic changes observed following 2 days of exposure to 85% 0, were minimal and consisted of irregularly distributed zones of perivascular and peribronchial edema. This interstitial edema fluid was densely eosinophilic, suggesting a high protein content, and contained a small number of infiltrating polymorphonuclear and mononuclear inflammatory cells. Light microscopic changes were not apparent in conducting airways, alveolar spaces, or alveolar walls. Lungs of rats exposed for 5-8 days contained an abundance of perivascular and peribronchial interstitial edema, which encompassed a majority of the larger pulmonary arteries and veins but less severely involved smaller vessels (Fig. 5) was not observed within alveolar spaces. Multifocal accumulations of cells resembling alveolar macrophages and granular pneumonocytes were present in alveolar spaces. There was considerable hypertrophy of nonciliated bronchiolar epithelium within centriacinar regions (Fig. 6) . Interstitial edema was less evident in lungs from rats exposed for 11-14 days; however, the interstitial and alveolar cell accumulations were similar to those described above. Nonciliated bronchiolar epithelial cells were exceptionally prominent in centriacinar regions following 14 days of 0, exposure. This hypertrophic change of the nonciliated bronchiolar epithelium was observed by scanning electron microscopy in rats exposed for 5 to 14 days (Fig. 7) In previous studies performed under experimental conditions similar to the present one, it was estimated that the mass of infiltrative inflammatory cells needed to double lung GGPD activity would require that approximately one-third the weight of the lung consist of phagocytes, whereas random morphometry showed that polymorphonuclear leukocytes were less than 5% of the cell population (39). The current results are consistent with this view in that infiltration of polymorphonuclear inflammatory cells was minimal, confined to perivascular regions, and did not appreciably increase with the length of 0, exposure. This also agrees with observations that inflammatory cell infiltrations alone cannot explain the enhanced enzymatic activities noted subsequent to skin injury and initiation of reparative processes (32).
Although considerable evidence exists that SOD can be induced by 0, in bacterial systems (lo), there is no current evidence which indicates that this enzyme is inducible in mammalian cell lines. The heterogeneity of lung cells, the changes in relative populations of lung cells during hyperoxia-induced lung reparative and proliferative processes, and the mixed-cell ages within even homogeneous cell populations render this possibility difficult to evaluate in whole-lung tissue by presently available techniques.
Reparative, proliferative, and growing processes in a number of tissues are characterized by increased pentose shunt activity (34, 41) and GSH levels (11). The increased pentose shunt activity would be expected to supply more ribose 5phosphate for nucleic acid repair and synthesis. The increased NADPH production provides reducing equivalents for reductive biosynthesis and may be requisite for cell division (34). Following ozone-induced lung damage a general activation of a number of metabolic pathways such as glycolysis (3), mitochondrial oxidation (29), and protein synthesis (26) has been noted to occur within the same timespan of the present changes in the GSH peroxidase and SOD antioxidant systems. In particular, it is reasonable to conclude that the observed increases in lung SOD could be explained on a basis of lung reparative-proliferative processes. During 0, exposure, mitochondria-rich Clara cells (present observations) and type II cells (19) proliferate. Since SOD activity increased proportionately more in the mitochondrial fraction than the cytosol fraction (Fig. 3) , it is apparent that the increased SOD activity could result, in part, from the change in lung cell population subsequent to lung injury.
Morphologic considerations. The evolution of lung lesions in a variety of animals breathing high tensions of 0, has been studied and the toxic effects on the lung have been well demonstrated.
Two phases of lung reactivity have been recognized following exposure to 100% 0,: i) an early "exudative" phase, characterized by interstitial edema, endothelial cell damage, fibrinous exudation, hyaline membrane formation, and alveolar lining destruction; and ii) a proliferative phase characterized by thickening of the air-blood barrier by hyperplasia of granular pneumonocytes and increased interstitial fibers and cells. Our findings following exposure to only 85% 0, are similar to those reported for the exudative phase, but with limited severity. Alveolar edema, fibrinous exudation, and hyaline membrane formation were absent in our rats. Following 14 days of exposure the proliferative response was not observed at the light microscopy level, suggesting that destruction of alveolar epithelial lining was not an important feature of this exposure. The observations of prominent perivascular interstitial edema accompanied with only minimal alterations in alveolar lining are in agreement with the findings of Kistler et al. (19) and their hypothesis that endothelial cells are damaged first following oxygen toxicity. Bronchiolar changes were of particular interest since recent reports have described a necrotizing process in bronchioles of neonatal and young adult rat lungs following exposure to 100% 0, (12, 25) . We did not observe degenerative changes or necrosis in the bronchiolar epithelium.
The observed hypertrophic response of nonciliated bronchiolar epithelial cells may represent an adaptive response in the young adult rat lung induced by exposure to 85% 0,.
It seems probable that the changes in lung enzyme and thiol levels relate primarily to hyperoxia-induced reparative/proliferative adaptive processes in the lung. It is possible that these cytodynamic processes protect the lung against continued oxidative damage. Additional investigation is required to more precisely localize the anatomic sites and cell types that account for the observed biochemical alterations.
Enhanced resistance to 02-induced damage. Previous studies have shown that exposure to 85% 0, induces tolerance to 100% 0, and the development of tolerance has been correlated with increases in GGPD (28) and SOD (7) activities. It should be mentioned that in conjunction with GGPD activity, activities of other NADPH-generating enzymes need to be examined in order to more fully characterize overall lung tissue production of reducing equivalents. This is particularly true for isocitric dehydrogenase, an enzyme reaction nearly as active as GGPD in producing NADPH in lung tissue (33, 42). The present data indicate that exposure to 85-90% 0, results in substantial augmentation of GSH levels and in GSH peroxidase and GSH reductase activities in lung; additionally, the augmentation of these systems is related to the magnitude of the 0, insult.
Although the precise mechanisms of 0, toxicity remain in doubt, it seems reasonable that free radicalinduced lipid peroxidation may represent one major pathway.
The increased SOD activities provide one mechanism for limiting free radical chain peroxidations initiated by superoxide anions. There is substantive evidence that the GSH peroxidase system, which would serve to limit secondary damage subsequent to lipid peroxide generation.
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malian systems from oxidant-induced stress. This is based on evidence that oxidant-induced hemolytic anemias occur in patients with erythrocyte metabolic lesions affecting these pathways.
Although the most widely documented of these is G6PD deficiency (US), deficiencies in GSH (31), GSH reductase (1, 40), and GSH peroxidase (30) have been found to render erythrocyte more susceptible to oxidant-induced hemolysis. The temporal sequence of erythrocyte oxidant-induced damage and subsequent reparative processes may be somewhat similar to oxidant-induced events occurring in the mixed population of lung cells. Following oxidant-induced damage to the erythrocyte population of susceptible individuals, the older erythrocytes, with lower levels of protective antioxidant compounds such as G6PD, GSH, and GSH peroxidase, undergo oxidative hemolysis; younger erythrocytes, with higher levels of antioxidant compounds, appear resistant (18) . If the oxidant stress is sublethal and circulating erythrocytes are allowed to undergo repopulation, the young erythrocytes, with high levels of GGPD, GSH, and GSH peroxidase, appear resistant to further oxidative hemolysis. Presumably a similar but more complex cellular repopulation is occurring in the lung subsequent to sublethal 0, exposure.
The SOD and GSH peroxidase systems, if augmented simultaneously, would represent a potent synergistic mechanism for diminishing lung oxidant susceptibility (Fig. 8) . These antioxidant systems potentially represent important biochemical mechanisms for enhanced resistance to oxidant lung damage as mediated by 0,-a or lipid peroxides.
The increased level of potentially protective antioxidant enzyme activities coincident with lung adaptive tolerance to oxidant stress cannot alone provide conclusive evidence that the antioxidant enzyme activities a priori determine lung susceptibility to O,-induced damage. It is plausible that general activation of a number of metabolic pathways and cytodynamic events may play an important role. Initiators of sublethal nonoxidant lung injury, such as thiourea (15) 
